The experimentally observed high surface conductivity of hydrogenated diamond films is explained through ab initio results as well as model calculations based on the tight-binding molecular dynamics method. Our results support the previously reported experimental results indicating that the surface conductivity of the hydrogenated diamond surfaces is due to the surface adsorption of a H 3 O monolayer. Specifically, it is shown that the presence of the H 3 O adlayer results in the formation of an electrostatic surface dipole moment which makes the potential of the surface H layer effectively more attractive. This, in turn, ignites charge transfer from the diamond lattice to the surface layer creating, thus, the necessary charge carriers (holes) for the observed high conductivity. The surface conductivity of hydrogenated diamond (HD) films is of p-type and measured to be of the order of 10 ÿ4 to 10 ÿ5 ÿ1 at room temperature, i.e., 4 -5 orders of magnitude larger than that of the undoped diamond [1] [2] [3] . This unique feature of the HD is found to disappear after dehydrogenation or oxidation of the surface. This observation led to the assumption by Maier et al., [1] that hydrogen plays a key role in the establishment of the high conductivity of the HD. Interestingly, their experimental analysis, extended to HD crystals of both (001) and (111) orientations, suggested that the hydrogenation of diamond is a necessary but not a sufficient condition for the appearance of high surface conductivity. The establishment of the latter required an additional adsorbate layer on the hydrogen-terminated diamond surface which acts as an acceptor in order to create a surface accumulation layer of 10 13 cm ÿ2 holes. A number of mechanisms have been proposed to explain the increased conductivity of HD films. The proposal by Maier et al., [1] is based on electron transfer from diamond to the adsorbed (complex) layer as governed by electrochemical considerations. Kawarada et al., [2] , on the other hand, attribute the enhanced conductivity of the HD to empty hydrogen-induced surface states which result from an upward band bending that is necessary to restore the charge neutrality of the surface. The explanation given by Dai's et al., [4] differ from those of Refs. [1, 2] in that they locate (i) acceptorlike gap states induced by dangling bonds above the valence band maximum (VBM) and, (ii) the Fermi energy in the energy range of the band tail of localized states. Landstrass and Ravi [3] attributed the high conductivity to the passivation of deep levels by hydrogen that is incorporated in the surface region. Very recently, experimental results have been reported suggesting an electrochemically facilitated charge transfer based on a redox couple involving oxygen, although the dynamical connection between the redox couple and the HD-surface is not clearly specified [5] .
The surface conductivity of hydrogenated diamond (HD) films is of p-type and measured to be of the order of 10 ÿ4 to 10 ÿ5 ÿ1 at room temperature, i.e., 4 -5 orders of magnitude larger than that of the undoped diamond [1] [2] [3] . This unique feature of the HD is found to disappear after dehydrogenation or oxidation of the surface. This observation led to the assumption by Maier et al., [1] that hydrogen plays a key role in the establishment of the high conductivity of the HD. Interestingly, their experimental analysis, extended to HD crystals of both (001) and (111) orientations, suggested that the hydrogenation of diamond is a necessary but not a sufficient condition for the appearance of high surface conductivity. The establishment of the latter required an additional adsorbate layer on the hydrogen-terminated diamond surface which acts as an acceptor in order to create a surface accumulation layer of 10 13 cm ÿ2 holes. Maier et al., went on to suggest that the additional layer can be a layer of H 2 O molecules which can accept electrons from the diamond according to the redox equation 2H 3 O 2e H 2 2H 2 O provided that the chemical potential e of the liquid phase is below the Fermi level, E F , of diamond.
A number of mechanisms have been proposed to explain the increased conductivity of HD films. The proposal by Maier et al., [1] is based on electron transfer from diamond to the adsorbed (complex) layer as governed by electrochemical considerations. Kawarada et al. , [2] , on the other hand, attribute the enhanced conductivity of the HD to empty hydrogen-induced surface states which result from an upward band bending that is necessary to restore the charge neutrality of the surface. The explanation given by Dai's et al., [4] differ from those of Refs. [1, 2] in that they locate (i) acceptorlike gap states induced by dangling bonds above the valence band maximum (VBM) and, (ii) the Fermi energy in the energy range of the band tail of localized states. Landstrass and Ravi [3] attributed the high conductivity to the passivation of deep levels by hydrogen that is incorporated in the surface region. Very recently, experimental results have been reported suggesting an electrochemically facilitated charge transfer based on a redox couple involving oxygen, although the dynamical connection between the redox couple and the HD-surface is not clearly specified [5] .
Given such a wide range of interpretations it is clear that there is a timely need for a detailed theoretical study to elucidate the fundamental mechanism responsible for the enhanced conductivity of HD films. Such an effort must involve reliable theoretical methods and must include consideration of various factors known to influence electronic conductivity significantly. In the present work we perform ab initio and semiempirical model calculations to investigate the origin of the large surface conductivity of a HD film by a detailed consideration of structural and charge transfer effects, the latter associated with an adlayer of atmospheric H 3 O adsorbants. The ab initio calculations are performed with the GAUSSIAN 03 code [6] and the TURBOMOLE 5.9.0 code [7] , whereas the semiempirical calculations are performed using the tight-binding molecular dynamics (TBMD) method [8] . The TBMD scheme incorporates s, p, and d basis states and is used to perform full symmetry unconstrained structural relaxation for all the systems investigated. The same tight-binding Hamiltonian is also used to perform electronic transport calculations [9] .
The diamond films used in our calculations are simulated by diamond slabs consisting of 1000 atoms in cluster form. The slabs are of dimension 3:18 nm 1:11 nm 0:57 nm and consist of 10 layers. Such thickness is sufficient to avoid surface-surface interactions. The diamond slabs considered contained both (111) and (001) orientations. The relaxation of the pristine (111) slab resulted in (2 1) surface reconstruction. Upon hydrogenation the structure relaxed into (111)-1 1 : H. These results are in good agreement with experiments [10 -12] . The pristine (001) slab surface, on the other hand, underwent reconstruction, forming C 2 dimers on the surface exhibiting 2 1, a configuration retained upon relaxation after hydrogenation (2 1 : H). This is in good agreement with experiments as well as ab initio calculations reported [10 -13] .
We first consider the structural effects on the conducting properties of HD films. Experimentally grown diamond films are known to contain defects in the form of vacancies. We, therefore, investigate the effects of C-vacancies on the conductance by comparing the calculated transmission function T(E) and the current-voltage (I-V) curves of a pristine defect-free diamond-(111) film with the corresponding curves of films containing 10% and 20% carbon vacancies, respectively. The carbon vacancies are distributed randomly throughout the films and all structures are fully relaxed using our TBMD approach. The results are shown in Fig. 1 . It is apparent from this figure that the effect of the C-vacancies cannot account for the observed high conductivity.
The effects of excess surface carriers are investigated next. Specifically, we consider what is the effect on the HD conductivity from the presence of excess electrons or excess holes in the diamond film resulting from charge transfers between the diamond film and the H-adlayer. Charge transfers are simulated by varying the site-diagonal TB matrix element of the H atoms in such a way that the H atoms appear to be positively charged in one case and negatively charged in another. In the former case there is a transfer of electrons from H to the diamond film, while in the latter case electron transfer occurs from the film to H atoms, leaving carriers in the form of holes in the diamond film. In our calculations we used an energy shift of ÿ8:0 eV (relative to the H-energy level used for describing the HD) in order to have the H atoms charged by an amount ÿ0:065jej each. As seen in Fig. 2 , significant changes are induced in the transmission function of the diamond-(111) film as the charged state of the H adlayer is changed. In particular, for negatively charged H layers, gap states are introduced mainly above the Fermi energy (taken to be the highest occupied molecular orbital (HOMO) level and set to zero energy in the graphs) leading to increased currents for biases greater than 2.0 V. The effect of the charged state of the H-adlayer on the film conductivity is found to be more pronounced in the case of the reconstructed HD-(001)-(2 1) surface as demonstrated in Fig. 3 . From this picture it becomes apparent that the more negative the H-adlayer, the more conductive the HD film appears due to the plethora of gap states that are introduced above the Fermi energy. The results of Figs. 2 and 3, thus, can account for the experimentally observed large values of conductivity for the HD films. Finally, we investigate the effect of carbon surface dangling bonds on conductivity. We remove all H atoms from the diamond slab surfaces and perform conductivity calculations without further relaxing the surface. Our results are presented in Fig. 4 where the TE and the I-V characteristic curves for the H-free diamond film are shown and also compared with the corresponding ones of the hydrogenated (111)-film. It is apparent from Fig. 4 , that the dangling bonds introduce a number of gap states in very good agreement with the results based on cluster simulations of Dai et al. [4] . As a result of the appearance of dangling bond gap states above the HOMO state, the conductivity of the film increases dramatically as demonstrated by the calculated I-V characteristics shown in the inset. However, the current increase due to the dangling bonds is significantly less than that associated with the charge transfer from HD to the H layer. Furthermore, surface relaxation is expected to greatly reduce the surface dangling bonds. Therefore, these model calculations clearly rule out dangling bond effects as the major source of the observed high surface conductivity of the HD. Instead, the calculations identify the charge transfer effects associated with the H adlayer as the primary candidate responsible for improving the conductivity of HD films, even to the extent observed experimentally.
Since the charge transfer towards the H layer appears to be the key factor responsible for the surface conductivity of the HD, we then focused our investigation on possible mechanisms which could promote this charge transfer process. In particular, we investigated whether an adlayer of H 3 O on the HD surface can induce the required charge transfer. Using ab initio density functional theory (DFT) calculations with the PBE functional [14] and the 6-31G basis set and employing a cluster approach, we investigated the adsorption of a H 2 O molecule as well as a H 3 O ion at a H atom (of the C-H bond) of the monohydride and dihydride (100) diamond surface (to be denoted by the symbols D-C-H and D-C-H 2 respectively).
Our calculations are in excellent agreement with other reported works [15, 16] . Thus, for the (100) monohydride diamond surface we find the surface C-C and the vertical to the surface first C-C bonds to be 1.60 and 1.55 Å , respectively (compared to 1:63=1:64 and 1:53=1:54 of Refs. [15, 16] , respectively). Furthermore, we find that H 2 O adsorbs stably on the D-C-H with a binding energy (BE) of 0.14 eV, in agreement with the results of Young et al. [17] who find BE 0:085 eV. Finally, we find that H 3 O also adsorbs stably on the D-C-H with a BE of 0.88 eV. In both cases, the adsorbed H 2 O and H 3 O adsorb on D-C-H and D-C-H 2 making hydrogen-type bonds (as shown in Fig. 5 ). In the case of H 2 O we find that the interacting H atoms of the D-C-H complex and the H 2 O molecule lose a negligible amount of charge (q 0:01jej each) towards the HD surface. In the case of the H 3 O ion, however, this charge transfer is found to be in reverse and of much larger magnitude; i.e., a total net charge of 0:20jej accumulates mainly around the H-atoms of the ions) equals that of the surface density of the C-atoms (1:81 10 15 cm ÿ2 for the (111) diamond surface [18] ), we obtain a value for the ESD-moment barrier of 12:7 eV for the small cluster used and 11.3-12.0 eV for the larger clusters. It is worth noting that this value is larger (by a factor 1.6) than the value we used to shift diagonal matrix elements of the TB Hamiltonian in order to make it more attractive. This could be due to two factors: (i) the dipole moment may not be perfectly aligned along the direction perpendicular to the surface and/or (ii) the existence of possible depolarization effects [1] (the latter could result in the reduction of the value of by as much as 50%). When these are factored in, the value of is in very good agreement with the values used in our model calculations.
The consequences of this observation are quite significant. As the dipole moment of the ESD-layer due to the adsorption of either the H 2 O or the H 3 O adlayer is in opposite direction to to that of the free HD surface, the effective electronic potential of the H-layer of the HD (monohydride or dihydride) becomes jj eV more attractive upon H 2 O or H 3 O adsorption. As a result, electron transfer develops from the diamond towards the region of the H-H 3 O double adlayer. This picture is backed by our ab initio calculations which supports this direction of the charge transfer. Furthermore, this picture also justifies our model calculations that led to the results shown in Figs. 
